Metabolic effects of a new ketogenic regimen in which ketonemia is induced by feeding of medium chain triglycerides (MCT) are described, and comparisons are made with effects of the standard high fat ketogenic diet. Eighteen children maintained on the MCT diet for 3 months to 4 years failed to show elevations of serum cholesterol and had only a slight rise in serum total fatty acids, in contrast to the marked hyperlipidemia observed in children on the standard high fat diet. Long term use of the MCT diet did not affect pH of venous blood. Blood glucose fell below 50 mg/100 ml in one-third of the children, the lowest levels being reached 2-3 weeks after the start of the diet. Plasma D(-)-P-hydroxybutyrate (BHB) and acetoacetate rose gradually after institution of diet therapy, maximum levels being reached after about 1 month. Higher levels of BHB and acetoacetate were achieved in children under the age of 10 years (BHB = 4.3 mM 0.6 SEM, acetoacetate = 1.8 mM i 0.3 SEM) than in 1@18 year olds (BHB = 1.6 mM + 0.2 SEM, acetoacetate = 0.57 mM 0.08 SEM). Plasma BHB and acetoacetate levels in children maintained on a 3:l high fat diet were similar to those in children on a 60% MCT diet. Plasma levels of BHB showed a significant correlation with anticonvulsant effect ( P < 0.02). Both the ketonemia and the anticonvulsant action were reversed rapidly by intravenous infusion of glucose.
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Speculation
The anticonvulsant effect of the standard ketogenic diet and of the MCT diet are dependent upon maintenance of blood levels of BHB above 2 mM and of acetoacetate above 0.6 mM. The data suggest that one or both of these compounds either have direct anticonvulsant effects or produce rapidly reversible changes in cerebral metabolism, which in turn affect cerebral excitability.
The anticonvulsanl effect of ketogenic regimens, in particular of the high fat, low carbohydrate ketogenic diet, has been known for over 50 years (15) . However, observations regarding the mechanism of their anticonvulsant action have been limited. Early clinical investigations suggested that the anticonvulsant effect may be directly related to ketonemia (8, 13 ). Subsequently, several other possible mechanisms have been proposed. It has been suggested that the effect may be secondary to pH change. However, experimental evidence concerning an anticonvulsant effect of acidosis is scantly, and available data indicate that the means by which pH is lowered rather than acidosis per s e may be of importance (4) . Furthermore, although metabolic acidosis has been documented soon after institution of the high fat ketogenic diet (3, 9) , there is no evidence that blood pH is decreased in patients on long term ketogenic regimens (3). Other suggested mechanisms include a possible anticonvulsant effect of hyperlipidemia (2); an effect of carbohydrate restriction on cerebral metabolism with change from dependence on glucose as a substrate for energy metabolism to direct utilization of P-hydroxybutyrate (1, 6, 14) ; and an effect of the ketogenic diet on sodium and potassium balance (9) . Definite evidence for any of these is presently lacking.
We have recently used a new ketogenic regimen in which ketonemia is induced by feeding of M C T (6) . The M C T diet has anticonvulsant effects which resemble those of the standard high fat ketogenic diet (6, 7) . The availability of two ketogenic diets which differ in some metabolic effects has made it possible to further define those factors which appear to be of importance for anticonvulsant action. The present study reports some metabolic changes induced by the M C T diet and compares them with the high fat 3: 1 ketogenic diet. In addition, data have been obtained on the effect of glucose infusion in children maintained on a ketogenic diet, and on correlations between plasma ketone levels and anticonvulsant effects. The findings support a direct anticonvulsant action of ketone bodies, either BHB, acetoacetate, or both.
CASE MATERIALS AND METHODS
Metabolic studies were carried out in 18 children maintained on the MCT diet and in 4 maintained on a standard 3: 1 ketogenic diet. The age range of patients was 18 months to 18 years. All had had extensive trials on anticonvulsant drugs in various combinations and were thought to be refractory to therapy before the start of the ketogenic diet. Predominant seizure types were as follows: minor motor (akinetic or myoclonic), I I patients; mixed minor motor and grand mal, 4; focal or multifocal motor seizures, 3; psychomotor seizures, 3; petit mal, 1. Recognizable diseases underlying the seizure disorder were present in two: one each of Sturge-Weber disease and Fahr's disease (idiopathic calcification of cerebral cortex).
Before the start of the ketogenic diet the children were fasted until the urine became strongly positive for ketones (usually for about 38 hr). The composition of the M C T diet and of the standard 3: 1 ketogenic diet used in this study is given in Table I . M C T was incorporated into foods and given as an MCT-skimmed milk drink as outlined in a previous report (6) . The MCT-skimmed milk mixture was served well chilled, in small sips throughout each meal. Initially, total caloric intake was kept at a low maintenance level (about 75 callkg124 hr) and caloric intake was gradually increased if the child was hungry or if he lost weight. In seven children, the diet was maintained for over I year, with a maximum of four years. The majority of the remainder had therapeutic trials lasting 3-6 months.
D(-)-P-hydroxybutyrate and acetoacetate levels in plasma and cerebrospinal fluid (CSF) were measured by the method of Williamson et al. (16) , which utilizes the interconversion of these two substances by the enzyme D(-)-P-hydroxybutyrate dehydrogenase. Plasma samples were deproteinized by addition of equal volumes of 30% ice-cold perchloric acid. For determination of BHB, (18), 1 pmol; and hydrazine hydrate, I ml I m M solution, pH 8.5. The total volume was brought to 3 ml with distilled water, and the extinction of the reaction mixture was read at 340 nm. Then 0.025 ml D(-)-@-hydroxybutyrate dehydrogenase suspension (19) was added to the mixture and the decrease in extinction was read against a control sample without added enzyme at 5-min intervals until stable readings were obtained (about 60 min). Readings were compared with those obtained with known concentrations of BHB. The material used as standard was the sodium salt of DL-P-hydroxybutyric acid (18) , which contains 50% sodium D(-)-P-hydroxybutyrate. For determinations of acetoacetate the reaction mixture consisted of 0.2-1-ml aliquots of deproteinized serum, I ml 0.1 M potassium phosphate buffer, pH 7.0, and D P N H (18). 0.1 ml 5 m M solution brought to a total of 3 ml with distilled water. The extinction was read at 340 nm. Then 0.025 ml of BHB dehydrogenase suspension was added and the extinction was read at 5-min intervals until no further increase occurred, usually about 30 min. The material used as standard was lithium acetoacetate (1 8).
Blood glucose was measured by the glucose oxidase method (5). Plasma cholesterol was determined by a direct method (17) . Total plasma fatty acids were estimated by a modification of the hydroxamic acid method for determination of long chain fatty acid esters (12) . The normal range by this method for plasma obtained in the fasting state is 7-14 mEq/liter. For correlation of BHB blood levels with anticonvulsant effects a simple scale of effect on seizure control was used: no effect, less than 50% decrease in seizure frequency compared with prediet level: fair control, 50-90% decrease in number of observed seizures; good control, more than 90% decrease in number of observed seizures; excellent control, complete daytime seizure control, with persistence of occasional nocturnal seizures in some patients.
RESULTS

METABOLIC EFFECTS OF MCT DIET
Effects on Plasma Lipids. Plasma cholesterol in 18 children on the M C T diet did not vary significantly from control values. Before the start of the diet mean cholesterol was 175 mg/100 ml (1 12 S E M ) . Mean plasma choleste:ol in children maintained on the M C T diet for 1 week to over 1 year was 185 mg/ 100 m1 (*7 S E M , P > 0.1). Total fatty acids (including triglycerides) in plasma rose slightly compared with prediet levels, from 10.8 to 14 mEq/liter ( P = 0.025).
Determination of plasma lipids in four children maintained on the 3:l ketogenic diet showed elevations of plasma cholesterol, with a mean of 266 mg/100 ml and of plasma total fatty acids (mean = 18 mEq/liter). These results are in agreement with more extensive prior data on hyperlipidemia in children maintained on a standard ketogenic diet (2) .
Erects on Acid-Base Balance. Chronic use of the M C T diet was not associated with significant changes in blood pH. Mean venous p H before the start of the diet was 7.36 * 0.01 S E M , whereas mean pH in children maintained on the diet for periods of up to I year was 7.37 * 0.01 S E M (N = 46). A few determinations of venous pH in children maintained for several months on the 3:l ketogenic diet also gave normal values.
Effects on Blood Glucose. A mild depression in glucose levels occurred frequently, especially within the first month after the start of the M C T diet. Fasting blood glucose values before the start of the diet and at I week after the start were above 50 mg/ 100 ml in all children. Two weeks after the start of the diet, values between 40 and 50 mg/100 ml occurred in 33% of the children. Twentythree percent of glucose values obtained in children on dietary therapy for over 1 month fell in the 40-50 mg/100 ml range. N o values below 35 mg/100 ml were observed, and none of the children were thought to have clinical signs of hypoglycemia.
BHB and Acetoacetate Levels in Plasma. Plasma levels of BHB and acetoacetate were measured in 18 children maintained on the M C T diet and in 4 maintained on a 3:l ketogenic diet regimen. Plasma levels of BHB were low while the children were on a normal diet (mean = 0.22 m M , range 0.06-0.4 mM, n = 8). Levels rose rapidly during fasting. Plasma levels a t the end of fasting. before the start of the ketogenic diet, are listed in Table 2 , as are levels achieved during dietary therapy. In children under age 10 years, the elevation in BHB obtained with the 60% M C T diet was comparable with that seen on the 3:l ketogenic diet. With both diets, BHB levels increased during the first month of dietary therapy and then remained fairly stable as long as the diet was maintained without break. Four children above age 10 years were found to achieve significantly lower blood levels of BHB than did younger children on the same proportionate intake of M C T , carbohydrate, protein, and dietary fat. Difficulties inherent in the maintenance of the 3:l ketogenic diet in older children or adolescents precluded observations on the effects of this diet in patients over 10 years of age.
Plasma levels of acetoacetate paralleled those of BHB and fell between 30% and 40% of BHB values (Table 3) . Acetoacetate levels in plasma increased during the first month of diet therapy in children under age 10 years. This effect was absent in the above 10-year-old group, in which mean acetoacetate levels were only about a third as high as in the younger children.
BHB and acetoacetate levels in C S F were measured in two patients 4 days after start of the M C T diet. Mean C S F level of Long Term Anticonvulsant Ejfects. On the same diet, different patients achieved different degrees of ketonemia. Both age and individual susceptibility to ketosis independent of age appeared to be factors. Mean BHB levels achieved during ketogenic diet therapy showed a relationship to seizure control (Fig. I) . A significantly greater proportion of children with mean BHB blood levels above 2 m M achieved good to excellent seizure control than did children with mean blood level less than 2 m M (chi-square = 5.8,
Ejfects o f Glucose Infusion on Seizure Control. The effect of rapid reduction in plasma BHB and acetoacetate on the electroencephalogram and on clinical seizure activity was determined in three children. All three had been on the M C T diet for several months, two with good to excellent seizure control and one with fair control. In all three instances, a prior decision had been made to discontinue the M C T diet because the children or their parents were no longer able to tolerate the restrictions imposed by diet therapy. Base-line electroencephalographic tracings and blood studies were obtained. A 20% glucose solution was then infused intravenously a t the rate of 20 g/hr for 2 hr. Electroencephalogram tracings, plasma BHB, acetoacetate, glucose, pH, and pCO, were measured repeatedly throughout the infusion.
Glucose infusion resulted in a rapid fall in plasma BHB and acetoacetate (Fig. 2) . In two patients this was accompanied by deterioration of the EEG with appearance of spike and spike-wave discharges and increase in background sharp and slow wave activity (Fig. 3) . Clinical seizures followed infusion of glucose in one of these two children, with onset of myoclonic jerks 60 min after the start of infusion (Fig. 3) . The other child had a brief grand ma1 seizure 3 hr after the start of infusion, but its relation to lowering of plasma ketones was unclear since this child had fairly frequent attacks while on diet therapy. The third child, in whom the background EEG remained unchanged, had a single myoclonic seizure 45 min after the start of the infusion, when his plasma BHB had fallen from 4.05 to 1.43 m M (Fig. 2) . Previously this child had been free of daytime seizures for 2 months. DISCUSSION Metabolic data have been collected in a group of 22 children maintained on ketogenic diets. The results lead to several conclusions regarding the mechanism of anticonvulsant action of diet therapy.
I. The effect does not appear to be secondary to hyperlipidemia, a mechanism previously suggested by Dekaban (2) . This now appears unlikely, since the M C T and the 3: 1 ketogenic diets, although approximately equal in anticonvulsant effect (6, 7), have very different effects on plasma l~p i d levels. Cholesterol, which is elevated in children on the 3: 1 diet, remains normal on the M C T diet, and fatty acid levels show less increase on the M C T regimen.
2. Chronic extracellular acidosis does not appear to be a factor in the anticonvulsant effect. Blood pH in children maintained on long term diet therapy has been found to be normal, as these children apparently have adequate respiratory compensation for the rise in acid anions.
3. Mild hypoglycemia is an inconstant finding in children on the M C T diet and does not correlate with anticonvulsant effect. Extensive data on blood glucose levels in children maintained on the standard ketogenic diet are not available. De Vivo et al. (3) recently reported marked hypoglycemia in one child after start of the 3:l ketogenic diet, and mention the occurrence of mild transient hypoglycemia as a common finding in children maintained on the high fat diet. 4. The anticonvulsant effect appears most closely related to elevation in plasma levels of "ketone bodies" (primarily BHB and acetoacetate). Plasma levels of these substances are approximately equal during two different ketogenic regimens which have previously been shown to have comparable anticonvulsant effects (6.7). A relationship between ketonemia and anticonvulsant effect is suggested by several other findings. It has long been known that the ketogenic diet has little anticonvulsant effect past early childhood. The present data indicate that this is associated with achievement of lower plasma ketone levels in the older child and adolescent. The mechanism by which susceptibility to ketonemia decreases with age is as yet obscure. Another relevant observation is that of gradually increasing anticonvulsant effect of the ketogenic diet over the first several days or weeks of diet therapy (I). Measurements of plasma BHB and acetoacetate levels in the present study indicate a concomitant gradual rise in plasma concentration of ketone bodies during the first month of therapy in children under the age of 10 years, the age group in which dietary therapy is likely to be effective. The most likely explanation is gradual depletion of glycogen stores, with progressively less availability of endogenous glucose. Finally, we have found a rapid loss of anticonvulsant effect after glucose is infused, with both worsening in the EEG and recurrence of seizure activity as plasma BH B and acetoacetate fall toward normal. These findings confirm earlier clinical observations on carbohydrate feeding by McQuarrie and Keith (8), and they add metabolic and electroencephalographic observations which have not been previously recorded during glucose administration to ketonemic children.
The rapid reversal of anticonvulsant effect after reduction in plasma BHB and acetoacetate suggests a direct anticonvulsant effect of these substances. However, the possibility that the anticonvulsant action of the ketogen~c diet is mediated through ketonemia-induced secondary changes in cerebral metabolism is not excluded by the present findings. Ketonemia resulting from long term starvation has been found to produce profound changes in cerebral metabolism, with substantial substitution of BHB for glucose as the substrate for energy metabolism (10, 11) . It has been suggested that this change may in some as yet unspecified manner reduce cerebral excitability (1, 6). This question, as well as the relationship between ketonemia and seizure threshold, is further defined inanimal experiments which are the subject of a subsequent report. 
